In the present study, all the oxidational experiments were carried out by using the function of the electrochemical chemical atomic force microscopy. The theory for the growth rate of the oxide film thickness is derived to be the combined effect of the alternating current ͑ac͒ voltage applied to the system and the charges entrapped in the oxide film formed on silicon wafer. Part of the space charges that accumulated in the oxide film can be removed by the negative part of the ac voltage. The residual proportion of the space charges was first determined by the force-displacement curves obtained from the experiments of the kelvin force microscopy. Then, the formula for the growth rate of the oxide film thickness was slightly modified by weighting this residual proportion at the term related to the space charges. The comparisons between the theoretical and experimental results in the oxide height as a function of different controlling factors were made. The behavior exhibited in the experimental results of the oxide height due to the change in the oxidation time is quite consistent with that predicted by the present model if the applied voltage is not high enough to oxidize the probe. The height of the oxide film was generally increased by elevating the positive electrical voltage. The increase in the modulation number ͑or the applied voltage frequency͒ was within a fixed time period of the oxide height.
I. INTRODUCTION
Scanning probe microscopy ͑SPM͒ has demonstrated a good potential in the field of nanolithography. The SPMbased techniques have been reported to create nanometerscale structures on different surfaces. The strong activity developed around this lithography technique takes advantage of the simplicity to reach nanometer range and to visualize the corresponding patterns with the same equipment.
Since the work of Dagata et al. 1 showing the possibility of generating an oxide pattern with a scanning tunneling microscope operating in air, several research groups have carried out the oxidation of silicon surfaces using a scanning tunneling microscope ͑STM͒. [2] [3] [4] [5] [6] [7] [8] [9] Similar oxidation processes have been reported using an atomic force microscope ͑AFM͒ with a conducting probe in contact [10] [11] [12] [13] [14] [15] [16] and noncontact models. [17] [18] [19] [20] An AFM with a conducting tip biased negatively with respect to the sample was applied to induce oxidation. 1, 12, 13, 21, 22 With this approach, thicker insulating oxides can be produced. Oxide lines as narrow as 10 nm have been generated. 13 Several contributors have reported on the mechanism and kinetics of SPM-based oxidation [23] [24] [25] [26] in order to get a better control and more detailed insight of this patterning method. These methods require the field-induced formation of a liquid bridge. Several experiments have already outlined the influence of the oxidation time on the oxide height. 25, 27 Some experiments have shown a voltage modulation dependence. 28, 29 Voltage modulation has been linked to a space-charge buildup process. 24 The liquid bridge size also influences the lateral dimensions of the oxide. 20 The buildup of space charge within the growing oxide places a rather severe constraint on our ability to favorably influence the kinetics of SPM oxidation. Voltage modulation allows the concentrations of ionic species that would otherwise build up within the oxide film to be reset to an initial value on each cycle. 24 Voltage modulation leads to a significant enhancement of the growth rate and to an improvement in the aspect ratio compared with static voltage pulses. Calleja and Garćia 30 studied the voltage and pulse duration conditions in order to generate a given height with the minimum lateral size. They found that the combination of short pulses and relatively high voltages produces the highest height-width ratio.
The dependence of the tip-induced oxidation on tip bias provides evidence that the process is affected by the generated electric field. Gordon et al. 16 suggested that the initial density of surface OH groups is rate limiting. In the study of Avouris et al., 25 local oxidation of silicon was induced by a strong potential in the use of an AFM. The kinetics and mechanism and how such factors as the strength of the electric field, ambient humidity, and the thickness of the oxide affect its rate and resolution were examined. The fact that water from the ambient is necessary for oxidation had been interpreted by Sugimura et al., 31 whose process is analogous to electrochemical anodization.
Teuschler et al. 15 attempted to explain the tip-induced oxidation in terms of the Cabrera and Mott model 32 of fieldinduced oxidation, although this attempt was unsuccessful. Stiévenard et al. 23 proposed an analytical model to explain quantitatively the variation of the oxide height with the polarization and the speed of the tip with a model based on field-induced oxidation. The study of Dubois and Bubendorff 33 proposed an enhanced oxidation model for SPM nanolithography that produced the power-of-time law reported for tip-induced anodic oxidation. It was shown that the space charges resulting from nonstoichiometric states strongly limit the oxidation rate. Measurements on SPMinduced oxides generated on a titanium surface were compared to theory.
Space charges resulting from the oxidations arising at the electric chemical ͑EC͒ atomic force microscopy strongly limit the oxidation rate part of these space charges but can be effectively removed by applying an ac voltage to the system using the negative voltage part. The removal of the space charges entrapped in the oxide film is thus helpful to increase the oxide height compared to the height generated by a direct current ͑dc͒ voltage having the same magnitude. In the present study, the oxide films were grown on an EC atomic force microscope by the contact mode. The theory for the growth rate of the oxide film thickness is derived to be the combined effect of the electrical voltage applied to the system and the space charges entrapped in the oxide film. Through the technique of Kelvin force microscope ͑KFM͒, the residual proportion of the space charge due to the application of the negative part of an ac voltage can be determined. This residual proportion is used as the weighing factor of the space-charge term shown in the formula of the growth rate of the oxide film thickness. As to the electricity field shown in the formula of the growth rate associated with the electrical voltage applied to the system, it can be determined only when the profile for the water bridge formed between the probe and the silicon wafer specimen is available. This profile is determined by the balance of the external forces acting on the water bridge. Comparisons were made between the theoretical and experimental results in the oxide height as a function of different controlling factors. The effects of changing several parameters related to the ac voltage are also discussed.
II. THEORY FOR NANO-OXIDATION BY AC AFM

A. Determination of the water bridge profile
The profile of a water bridge formed between the probe tip and the silicon wafer surface is here determined by the balance of all external forces acting in the column of this water bridge. As Fig. 1 shows, the lateral surface of this wafer bridge is formed by a circular curve with its center located at point C K . This circular curve is tangential to both the circular profile of the probe tip and the flat wafer surface. If W in Fig. 1 denotes the contact point of the circular profile of the probe tip and the lateral surface of this wafer bridge, then the center of the probe tip ͑C t ͒ and point W and the center of the lateral surface ͑C K ͒ are connected to form the straight line. In Fig. 1 , r K denotes the kelvin radius, R denotes the radius of the probe tip, r 0 denotes the radius of the cross section of the water bridge formed on the wafer surface, and D denotes the minimum distance between the probe tip and the wafer surface. If r N denotes the minimum radius formed at the neck of the water bridge, then it satisfies r N + r K . =r 0 .
In this figure, r 0 and r K are two unknowns which can be determined by the balances of all external forces applied to the water bridge. In the present study, the workpiece ͑wafer͒ is moving at a very small velocity such that the water bridge can be approximated to be geometrically symmetric with respect to the z axis. If the surface tension coefficient of the water bridge is ␥, the surface tension forces are formed around the circle made up of all W points and the circle on the wafer surface with point O as its origin and r 0 as its radius. Since the lateral surface of the water bridge is tangential to the wafer surface, the surface tension forces formed on the wafer surface are thus canceled out due to their symmetry with respect to the z axis. We define to be the angle between the surface tension ␥ and the horizontal surface. The surface tension force ͑F 1 ͒ acting on the water bridge is obtained to be the integration of the ␥ component in the z direction around the circle made up of all these W points. Therefore, F 1 is obtained as
The water bridge is formed to be a saddle type. The pressure difference across its lateral surface ͑⌬P͒ can be determined by the Young-Laplace equation. 34 If the radius of the cross section of the water bridge at an arbitrary z distance from the wafer surface is r * , the pressure difference ⌬P across the lateral surface of water bridge can be expressed as
͑2͒
The force component in the z direction ͑F 2 ͒ due to the existence of this pressure difference can be expressed as 
The z-directional force balance in the water bridge gives
Equations ͑4͒ and ͑5͒ can be coupled to solve r 0 and r K if the distance D is known. The surface profile of the water bridge can thus be determined.
B. Static electricity field including the effect of space charges
In the oxidational process arising in an atomic force microscopy, the protons which are the hydrogen ions created in the dissolution of water under an electrical voltage are entrapped in the oxide film as space charges. These space charges give a partial contribution to the total static electricity field. For the static electricity field generated by applying a V ox voltage in the water bridge without taking the space charges into account, its value between a sphere and a flat plate is expressed as 35 
E͑͒
where X denotes the film thickness of the oxide film, V ox represents the electrical voltage formed applied between the probe and the wafer plate, and , as Fig. 1 shows, denotes the distance of a point on the wafer surface far from the origin O. In the present study, the radius of curvature at the probe tip is about 100 nm. This value is much larger than the thickness of the oxide film ͑about 1 nm͒. Therefore, R + X Х R and R +2X Х R. Equation ͑6͒ can be further simplified as
The mechanism of the space charges entrapped in the oxide film must be known before considering the effect of space charges on the static electricity field. We define h as the volume of one space charge and V as the total volume occupied by the total space charges accumulated in the oxide film, then h / V Ӷ 1. The space charges within the oxide film will be moved by applying a high electrical voltage such that they are repelled and accumulated at the thin layer nearby the oxide film surface.
If N is the number of space charges inside of the oxide film, N 0 ͑=V / h͒ denotes the number of space charges in the oxide film with a volume of V , z is the ion valence, and q represents the electrical charge of an electron ͑q = 1.6 ϫ 10 −19 C͒. The ordinary differential equation of N can be solved by applying the initial condition t = 0 and N = 0. The solution was obtained as
where 0 denotes the surface electrical charge density generated by a single space in the oxide film ͑unit: C / m 2 ͒ and C ox =4ϫ 10 22 /cm 2 for the SiO 2 film. Equation ͑8͒ shows the relation between N and X. In a close contour with an area of S, the surface integration of the electrical field ͑E͒ over this area ͑S͒ is equal to the total electrical charges enclosed by this close contour ͑Q enclosed ͒ divided by the permittivity of the medium ͑͒. Therefore,
Since the top and bottom surfaces of a thin layer have almost the same area S, the integration of Eq. ͑9͒ can be expressed as
if the electrical field ͑E͒ is assumed to be uniformly distributed. Therefore, the magnitude of the electrical field induced by the space charges ͑Q ox ͒ is E = Q ox /2S. This induced electrical field is in the direction exactly opposite to that of the electrical field ͑E͒ due to the application of an electrical voltage between the probe and the wafer surface. The combined electrical field ͑E c ͒ can thus be written as
where the E value can be obtained by using Eq. ͑7͒. Q ox can be obtained to be the product of the electricity of one electrical charge ͑zq͒ and the number of the electrical charges within the oxide film ͑N͒. Then,
Substituting Eqs. ͑7͒, ͑8͒, and ͑12͒ into Eq. ͑11͒ gives the combined electrical field ͑E c ͒ as
where s = S / N 0 . An attenuation of the electrical field due to the increase in the oxide film thickness is thus taken into account in Eq. ͑13͒.
C. Kinematics of oxidational reaction
The Cabrera-Mott theory 32 is applied in the present study to detail the growth behavior of the oxide film. The activation energy is employed in this theory to describe the diffusion behavior of ions in the oxide film. Since interstitial defects are formed in the oxide film, the OH − ions diffuse into the wafer surface through continuous interstitial jumps when the ion energy is sufficiently high to overtake the required activation energy. The possibility of an ion performing interstitial jumps in a unit of time is proportional to exp͑−W / k B T͒, where W denotes the activation energy needed in continuous interstitial jumps ͑W = 0.15 eV͒, k B is the Boltzmann constant ͑k B = 1.38ϫ 10 −23 J/K͒, and T denotes the absolute temperature ͑K͒. When an external electrical field ͑E͒ is applied, the interstitial jump is lowered by zqaЈE /2 if the jump of a positively charged ion is in the same direction as the electrical field. Then, the activation energy is now modified as W − zqaЈE /2k B T. Here, aЈ denotes the average distance between two adjacent interstices ͑unit: Å͒. If the jump is opposite to the direction of the electrical field, the activation energy is modified to be ͑W + zqaЈE /2k B T͒. When the possibilities of these two directions are taken into account in the evaluation of the moving velocity ͑u͒ of an ion at the inside of the oxide film, the ion velocity can be expressed as
͑14͒
where ␥ 0 denotes the average jumping frequency of an ion ͑unit: 1 / s͒. Since the E value in the oxidational process is considerably large ͑Ͼ1 V/nm͒, Eq. ͑14͒ can be further approximated as
if the ions are positively charged. If the ions are negatively charged, Eq. ͑15a͒ is slightly modified as
Actually, Eqs. ͑15a͒ and ͑15b͒ show the same magnitude. We define a ϵ aЈ / 2 and u 0 ϵ 2␥ 0 a exp͑−W / k B T͒, then Eq. ͑15a͒ can be rewritten as
A chemical reaction arising in the AFM oxidation can be divided into two types: ͑1͒ the reaction limit type and ͑2͒ the diffusion limit type. The reaction limit type always appears at the initial stage in which the chemical reaction is predominant. As the oxide film is formed on the substrate, it is rapidly transformed to the diffusion limit type. Under the condition of a high electrical field, it is advantageous to lower the activation energy required for ion diffusions. The Cabrera-Mott theory was developed on the basis that the diffusions are predominant in the chemical reaction. In this theory, the oxide film is assumed to be formed so long as the ions can reach the reaction interface by diffusions. With this assumption, the growth rate of the film thickness ͑dX / dt͒ is considered to be equal to the ion velocity ͑u͒ in the diffusion process. Then,
Then, Eq. ͑17͒ can be rewritten as
Then Eq. ͑19͒ can be rewritten as
is an ordinary differential equation developed for the film thickness X. It is applicable to solve the film thickness numerically as a function of time when a dc electrical voltage is applied in the AFM oxidation process. However, it is valid by assuming no side effect of the electrical charges accumulated in the oxide film on the sequential growths of this oxide film.
D. Effect of ac voltage on AFM oxidation
In the AFM oxidation process, the application of an ac electrical voltage is simply for the purpose of getting rid of the space charges entrapped in the oxide film as much as we possibly can. These space charges are generally harmful for the growth rate of the oxide film on the substrate surface. The period of an ac electrical voltage is made up of a positive voltage pulse followed by a negative voltage pulse.
However, there generally exists a magnitude difference between these two voltages because of their different purpose. The positive voltage pulse is applied to grow the oxide film as this voltage is sufficiently high. The negative voltage pulse is then applied to get rid of the space charges accumulated in the oxide film during the oxidational process. However, these space charges are unable to be eliminated completely just by applying a negative voltage, and the degree of removal is still dependent upon the magnitude of the negative voltage pulse. Therefore, the residual space charges can still obstruct the growth of the oxide film formed in the following cycles. We define the number of space charges before the removal by applying a negative voltage to be Q 0 , the number of the removed space charges and the number of space charges residual in the oxide film after the step of elimination to be Q. The residual proportion of space charges ͑␣͒ is thus defined as
Then, Eq. ͑13͒ for the electrical field developed for dc electrical voltage is now slightly modified for ac voltage as
͑22͒
The growth rate of the oxide film thickness is thus expressed as
ͪͬͮ.
͑23͒
In Eq. ͑23͒, the ␣ value is determined by the method shown in the next section. It is the proportional value obtained from the application of the first negative voltage in order to get rid of the space charges. The oxide film thickness as a function of time can be obtained by applying the numerical method to Eq. ͑23͒. It should be mentioned that Eq. ͑23͒ is also valid for the system with a very small relative velocity between the probe tip and the specimen. The differential equation developed for a nonzero sliding velocity seems very difficult to solve.
E. Determination of the residual proportion of space charges
The residual proportion of the space charge ͑␣͒ in Eq. ͑23͒ can be determined by developing an expression for the electrical charges ͑Q͒ created in the oxidational process as a function of the static electricity force ͑F e ͒. Then, the static electricity force is obtained experimentally by using the Kelvin force microscopy of a SPM.
Coulomb's law is applied here to evaluate the static electricity force ͑F e ͒ formed in a sphere with its center a distance d 0 from a flat surface. The electrical charges in the probe are mostly accumulated on the spherical surface of the probe tip, since the radius of the probe tip is very small compared to the dimension of a square area on the wafer surface. The static electrical force can thus be developed for a point charge above a flat surface. By Coulomb's law, the static electricity force F e due to the electrical charges Q accumulated at the probe tip is expressed as
where L denotes half of the edge length of this square area, and it is always chosen to be a sufficiently large value in the integration or Eq. ͑24͒, v denotes the space-charge density in the oxide film, is the permittivity of the oxide film ͑ = 3.453ϫ 10 −11 C 2 /J m͒, and d 0 represents the distance of the sphere center of the probe tip from the wafer surface. The space-charge density v ͑ v = Q / XL 2 ͒ in Eq. ͑24͒ is replaced by the space charge Q, and Q is assumed to be a constant value. The integration of Eq. ͑24͒ can be rewritten as
dxdy.
͑25͒
The Q value in Eq. ͑21͒ can be obtained from Eq. ͑25͒ if the static electricity force F e is available. In order to determine F e , the KFM is then employed to measure the interaction force curve formed between the spherical tip and the wafer surface. Two kinds of force-displacement experiments have been conducted in the present study. The first kind of forcedisplacement curve was obtained from the wafer surface before growing the oxide film. In this case, the interaction force formed between the tip and the wafer is mainly due to the van der Waals force. The second kind of force-displacement curve was then obtained after growing the oxide film. Since the space charges accumulate in the oxide film, the interaction force obtained from this measurement is thus enhanced by the static electricity force. Figure 2 shows the example of these two kinds of force-displacement profiles. Curve 1 indicates the profile for the wafer after growing the oxide film, whereas curve 2 indicates the profile before growing the oxide film. Theoretically, an intact profile of the Kelvin force measurement includes one force-displacement curve for the advancing motion and the other curve for the receding motion of the probe. However, only the part in the advancing motion is shown in each of these two kinds of experiments in order to evaluate the static electricity force. In Fig. 2 , L and N are the jump-into-contact points of curves 1 and 2, respectively. The PZT displacement corresponding to point L on curve 1 is obviously larger than that of point N on curve 2 because a static electricity force exists in the former. Points K and M denote the incipient points of curves 1 and 2, respectively, where the jump-into-contact behavior is just right. The forces of points K , L , M, and N are F K , F L , F M , and F N , respectively. We define d to be the distance between the probe tip and the sample surface, it can be determined if the sum of the PZT displacement and the deflection of the cantilever due to the interaction ͑attractive͒ force formed be- tween the probe and the sample surface is available. In the case of curve 1, the distance between the probe tip and the sample surface, d 1 , corresponding to point K is expressed as
where ͑Z K − Z L ͒ denotes the PZT displacement, k z denotes the spring constant of the cantilever, and therefore ͑F K − F L ͒ / k z denotes the cantilever deflection due to the interaction force which comprises the van der Waals force and the static electricity force. In the case of curve 2, the distance between the probe tip and the sample, d 2 , corresponding to point M is expressed as
where ͑Z M − Z N ͒ denotes the PZT displacement, and ͑F M − F N ͒ / k z denotes the cantilever deflection due to the van der Waals force only formed between them. The following method can be done to find the static electricity force ͑F e ͒ in order to calculate the space charge shown in Eq. ͑25͒. We define point F to be one point on the KL line such that the distance of the probe tip from the wafer surface has the same value as d 2 . Then d 2 can be expressed as
where F F denotes the interaction force corresponding to point F. We define the slope for the KL line to be m KC , then Eq. ͑27a͒ can be rewritten as
Equation ͑27b͒ can be used to determine Z F because the other parameters in Eq. ͑27b͒ are obtained from the measurements. This Z F value is then substituted into Eq. ͑27a͒ to obtain F F . Since F F denotes the van der Waals force created at point F, the static electricity force F e is then obtained as
Curve 1 represents the force-displacement profile obtained from the measurement of a specimen after applying only the positive portion of an ac voltage, whereas curve 2 represents the profile obtained from the measurement of the same specimen after the removal of the space charges by applying a negative voltage. Then, the Q value obtained from Eq. ͑25͒ denotes the space charges which have been removed due to the use of the negative voltage pulse.
III. EXPERIMENTAL DETAILS
All the oxidational experiments were carried out on a scanning probe microscope ͑SPM, Solver SNOM model, NT-MDT͒ by using the function of electrical chemical AFM. In the ac system, the voltage applied to the system was present in a cyclic form, as shown in Fig. 3 . Each cycle ͑one modulation͒ comprises of a positive voltage pulse, V ox , followed by a negative voltage pulse, V res . The positive voltage pulse is simply employed to produce the oxide film on the specimen surface, whereas the negative voltage pulse is applied to reduce or remove the space charges accumulated in the oxide film. The durations for the positive and negative voltages are t ox and t res , respectively. These two durations in the present study are freely given and controlled by a computer. The magnitudes of V ox and V res can be varied in a range of 0-10 V. In a modulation, the acting time for V ox is t ox ͑s͒, and the acting time for V res is t res . The time t total parameter is defined as the product of t ox and the modulation number. The space charges accumulated in the oxide film and its surface voltage were measured on a scanning probe microscope ͑SPM, SPA 300HV, Seiko͒ by using its two modes. The AFM contact mode was applied to measure the force-displacement profiles which were produced before and after applying a negative voltage pulse, respectively. The KFM mode was applied to detect the variations of the surface potential of an oxide film after applying different times of negative voltage pulses to determine the residual proportion ␣ of space charges at each times. The probe used in the present study uses silicon as the substrate and gold as the coating film. The spring constant of the cantilever ͑K͒ is 3 N / m, the natural frequency ͑f 0 ͒ of the probe is 29 kHz, and the radius of curvature at the probe tip ͑R͒ is 100 nm.
The substrate material of the specimen is made of the n-type wafer with ͓100͔ as the crystal orientation and the resistivity is in a range of 1-100 ⍀. The wafer substrate was rinsed with de-ionized ͑DI͒ water, 10 wt % HF, and acetone in sequence before the application of either the electric chemical atomic force microscopy ͑EC AFM mode͒ or the Kelvin force microscopy ͑KFM mode͒. Two kinds of experiments were carried out. The first kind of experiments was carried out to produce an oxide film in a square area of 3 ϫ 3 m 2 by applying 10 V to the system ͑SPM, Solver SNOM model͒ and scanning at a sliding velocity of 1500 nm/ s. Then the specimen was moved to the KFM mode of a scanning probe microscope ͑SPA 300HV, Seiko͒ to achieve the synchronous measurements of surface electrical potential and morphology. After this, the AFM mode was applied to remove the space charges that accumulated in the oxide film of the same area by applying a negative voltage pulse ͑−4 or −6 V͒ as well as at a scanning velocity of 0.75 m / s. The AFM mode was able to attain the forcedisplacement curves for the specimens before and after removing the space charges by applying a negative voltage pulse. The second kind of experiments was prepared by using the AFM mode. The oxide films were produced by giving either an ac or dc voltage in the system, but no scanning velocity was applied to the specimen during the growth of the oxide film. The specimens prepared by this kind of experiments were simply used for the measurements of the film thickness and the morphology formed at a point. The results of these measurements were compared to the results predicted by the solution of Eq. ͑23͒ to check the validity of the present model.
IV. RESULTS AND DISCUSSION
The theoretical solutions of r N ͑the radius of the water bridge at the neck͒ and r 0 ͑the radius of the water bridge formed on the wafer surface͒ shown in Fig. 1 are varied with the minimum distance between the probe tip and the wafer surface ͑D͒ and the radius of curvature of the probe tip ͑R͒. They are shown in Table I for two different probes with R = 100 nm and R = 150 nm, respectively. The value of either r N or r 0 was found to be strongly dependent upon the radius of curvature at the probe tip ͑R͒ but only slightly dependent upon the distance D. Both r N and r 0 present a linear relationship with R. In the present study, the oxide film was generated by the EC AFM using the contact mode. The repulsive force that formed between the probe tip and the wafer surface allows an extremely small gap existing between them. This minimum gap ͑D͒ is usually very difficult to obtain effectively. The commonly used value of D is 0.54 nm which is estimated to be equal to the sum of the radii of two adjacent atoms. 37 According to the theoretical results shown in Table II , the effect due to the change in the minimum gap ͑D͒ in a range of 1-5 nm on the r 0 and r k values is evaluated to be insignificant, irrespective of the radius of the probe tip. That is, an arbitrarily given value for D in this range does not affect the profile of the water bridge significantly since the oxide film thickness ͑X͒ can be obtained directly from the measurements of AFM and it is always varied in the range of several nanometers. The oxide film thickness ͑X͒ in the present study is thus taken as the approximate value of the minimum gap ͑D͒ in the following evaluations of the oxide film parameters. These parameters are then compared to the experimental results in order to verify the trustworthiness of the theories developed in this study.
The EC AFM function of a scanning probe microscope was applied to produce an oxide film in a 3 ϫ 3 m 2 square area. Then the Kelvin force microscopy was employed to measure the electrical potentials of this square area. The electrical potential which was obtained for the specimen before applying a negative voltage pulse to remove the space charges is shown in Fig. 4͑a͒ , while the potential obtained for the specimen after applying a voltage of −4 V is shown in Fig. 4͑b͒ . The profile of Fig. 4͑a͒ shows the measure of the electrical potential in the plateau region to be about 18 mV, while the electrical potential for the specimen after applying two negative voltage pulses is lowered to 1.8 mV. This electrical potential was found to be barely changed if the negative voltage was applied more than twice. The removal performance of the space charges in the oxide film is dependent upon two influential factors; one factor is the magnitude of the applied negative voltage pulse and another is the number of modulations applied to remove the space charges. The magnitude of electrical potential can be expressed in terms of the tip-specimen distance exactly at the instant of jump into contact. The magnitude of electrical potential is proportional to this distance. In order to investigate the removal effect of space charges by applying a negative electrical voltage pulse, the electrical potential of a native oxide film on a wafer was measured as the reference potential. The native oxide film was prepared by exposing a wafer in the atmosphere for a period of time. The space charges accumulated in this native oxide film were also measured and expressed by the tipspecimen distance. The experimental results of the tipsample distance for two kinds of negative voltage pulses as well as three kinds of modulation numbers are shown in Fig.  5 . The measure of the distance for the native oxide film is about 7 nm. The application of the first negative voltage pulse is indeed helpful to remove the space charges in the oxide film; however, the removal rate of space charges is significantly attenuated further by increasing the number of times a negative voltage pulse is applied. As Fig. 5 shows, the difference between the first and the second times is quite small. It can also be investigated that the magnitude of the tip-sample distance after two times of scannings drops to the level almost the same as the native oxide film. This result implies that the accumulated space charges formed in the process of EC AFM can be largely removed by applying two negative voltages pulses, irrespective of the magnitude of the negative voltage applied to the system. The influence of the negative voltage magnitude on the tip-sample distance is relatively small compared to the influence of the modulation number. Nevertheless, the removal effect of the space charges is slightly enhanced by increasing the magnitude of the negative voltage pulse. The tip-specimen distances ͑d 2 or d 0 ͒ shown in Fig. 5 can be used to evaluate the residual fraction ͑␣͒ of the space charges after scanning the surface by a negative voltage pulse ͑V res ͒. The maximum scanning number for the removal of space charges is 2 in the present study. Table II shows the data of ␣ obtained from the KFM and AFM experiments by differing the V res value ͑−4 and −6 V͒ as well as the scanning number. The results show that the residual fraction ͑␣͒ is lowered to a value much smaller than 1 / 2 even by one scanning. The ␣ value drops to be almost zero as the second scanning is applied; its value corresponding to the first scanning is effectively lowered by elevating the magnitude of V res . The theoretical heights of the oxide film varying with the oxidational time can be predicted by the present model as a function of the positive voltage applied to the system. Figure 6 shows the theoretical results of the oxide height produced by applying −4 V to remove the space charges as well as five kinds of positive voltages ͑V ox ͒ to grow the oxide film. These curves show the behavior that the height of oxide film is grown proportionally to the oxidational time. However, the growth rate which can be determined by the slope of a curve is decreased by increasing the time. For a fixed oxidational time, the height of oxide film is increased by elevating V ox if V ox is high enough to start the oxidational reaction.
The validity of the theoretical model developed in the present study can be confirmed by the experiments carried out at different combinations of V ox and V res . Figure 7͑a͒ shows both the experimental and theoretical results obtained from V ox = 10 V as well as two kinds of V res values ͑−6 and −4 V͒, whereas Fig. 7͑b͒ shows the results obtained from the V ox value lowered to 8 V. The trend exhibited in the experimental results of the oxide height due to the change in the oxidation time is consistent with that predicted by the theoretical results, irrespective of the V ox value applied to the system. However, the behavior exhibited in the experimental results due to the change in the V res value is considerably different from the behavior of the theoretical results predicted by the present model. As for the experimental results, the oxide height formed at a fixed oxidational time by V res = −6 V is unexpectedly smaller than that by V res = −4 V. This behavior is obviously contrary to the theoretical predictions. In either Fig. 7͑a͒ or Fig. 7͑b͒ , the experimental results corresponding to V res = −4 V show a good fit with the theoretical results expressed by a dashed curve. However, the experimental results obtained by applying V res = −6 V are lower than the theoretical results, with different errors. This unusual behavior, also presented in the study of Pérez-Murano et al., 17 was explained to be related to the oxidation arising at 
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the tip of the probe. In the case of ͉V res ͉ Ͻ −6 V, no oxidation was formed at the probe tip. Their experimental results indicate that the oxide height is indeed increased by increasing the magnitude of V res ͑with a negative value͒ because the removal of the space charges from the oxide film can be enhanced. As to the results in the case of ͉V res ͉ м −6 V, the removal of space charges was somewhat impeded by the occurrence of the oxidation at the tip of the probe. This oxidation behavior causes the experimental results corresponding to V res = −6 V to be conversely lower than that when applying V res = −4 V. The function of V ox as to the oxide height can be evaluated on the basis of the same oxidational time. The experimental results indicate that the oxide height is generally increased by elevating V ox . However, the difference in the increasing rate of oxide height resulting from the difference in V ox is gradually narrowed to a small value as the oxidational time becomes sufficiently long. We define ͑t͒ total to be the product of the oxidational time t ox and the modulation number. For a fixed value of ͑t͒ total in the EC AFM, the modulation number can be altered by adjusting the time periods of the positive and negative voltage pulses in a modulation. Experimental results of the oxide height shown in Fig. 8 were obtained by fixing the time ͑t͒ total to be 3 s but differing the modulation number. The results labeled as "dc oxidation" mean that no negative voltage pulses were applied and the modulation number is thus equal to 1. The experimental results show that the oxide height obtained from the application of the dc voltage is the smallest of these three kinds of modulations. The increase in the modulation number in a fixed time period is helpful to increase the oxide height, irrespective of the oxidational voltage V ox . This figure also provides evidence that the removal of the space charges by applying a negative voltage pulse as well as the increase in the modulation frequency advantageous to the increase in the oxide height. Apart from V ox , V res , and t ox , the time period of having a negative voltage pulse in a modulation ͑t res ͒ is also an influential factor to the growth of the oxide film. That is, the time period t res in a modulation becomes of importance to the quantity of the space charges removed from the oxide film. Figures 9͑a͒ and 9͑b͒ show the heights of the oxide films produced by two different t res values, they are obtained by applying V ox = 10 V and V ox = 8 V, respectively. In these two figures, the negative voltage was set to be −4 V and t ox to be 0.1 s. The curves in these two figures represent the theoretical results predicted by the present model. The good fit between the theoretical and experimental results indicates that the present model is trustworthy. Both Figs. 9͑a͒ and 9͑b͒ show the elongation of t res to be advantageous in increasing the thickness of oxide film. The difference in the oxide film due to different applications of t res is enhanced by either the elevation of the oxidational voltage ͑V ox ͒ or the elongation of the total oxidational time.
V. CONCLUSIONS
From the theoretical analyses for the profile of the water bridge, either the value of r n or r 0 is strongly dependent upon the radius of the probe tip but only slightly dependent upon the minimum distance between the probe tip and the wafer surface ͑D͒. The removal performance of the space charges accumulated in the oxide film is influenced by the magnitude of the negative pulses of an ac voltage and the number of negative voltage modulations applied to remove the space charges. The removal rate is significantly lowered by increasing the number of times of negative voltage pulses. The accumulated space charges can be largely removed by two negative voltage pulses, irrespective of the magnitude of the negative voltage pulse applied to the system. The influence of the negative voltage magnitude on the removal of space charges is quite small.
The residual fraction of the space charges ͑␣͒ corresponding to the first scanning is effectively lowered by elevating the magnitude of V res .
The behavior exhibited in the experimental results of oxide height due to the change in the oxidation time is consistent with that predicted by the theoretical results, irrespective of the V ox value applied to the system. The experimental results due to the change in the V res value match well the theoretical results if V res = −4 V is applied; however, the difference between these two results becomes significant as V res value is elevated to −6 V due to the oxidation of the probe tip.
The height of the oxide film is generally increased by elevating V ox which is applied to grow it. However, the difference in the increasing rate of oxide height resulting from the application of different V ox is generally narrowed to a quite small value as the oxidational time becomes sufficiently long.
The increase in the modulation number ͑or frequency͒ within a fixed time period is helpful to increase the oxide height, irrespective of the voltage value of V ox . The elongation of t res is advantageous to increase the thickness of oxide film if the parameters of V res , V ox , and t ox are fixed in the oxidational process. 
